This paper presents a review of methods that improve the production of volatile fatty acids (VFA) from excess sludge during the anaerobic digestion process. These methods are mainly divided into two approaches. The first approach is located in the pre-treatment methods, which change the properties of the substrates, such as thermal pre-treatment, alkaline pre-treatment, microwave pretreatment and ultrasonic pre-treatment. The other approach is found in the fermentation process control methods, which influence the environment of anaerobic digestion for the production of VFA, such as pH, temperature, mixing, additives and solids retention time control. In the text recent research studies of each method are listed and analyzed in detail. Comparably, microwave and ultrasonic pre-treatment methods are considered emerging and promising technologies due to their efficiency and environmentally friendly characteristics. However, the microwave pre-treatment has high electricity demand, which might make the process economically unfeasible. In order to calculate optimal operation, further studies still need to be done.
INTRODUCTION
During the processes of wastewater treatment, especially the activated sludge process, large amounts of excess sludge are generated and discharged. The cost of sludge treatment and disposal has become a big problem for wastewater treatment plants. It takes more than 40% of the plants' total cost to treat the waste activated sludge (WAS) in China (Liu ; Ma et al. ) (waste activated sludge and excess sludge are synonyms). In the excess sludge there are plenty of microbial flocs including microorganisms, extracellular polymeric substances (EPS), and inorganic matter. If proper disposal measures are not implemented, these materials can do harm to the environment. Conversely, excess sludge is a form of biomass, which contains abundant organic matters, so efforts can be attempted to make use of the organic matters present in the excess sludge (Yang et al. ; Zhu et al. ; Shehu et al. ) .
In recent years, standards for effluent disposal have become increasingly strict. In order to remove nutrients by biological processes, extra carbon sources such as methanol, ethanol, sodium acetate and glucose need to be added into wastewater during the biological denitrification step, because carbon sources provided by the wastewater itself are typically not sufficient, especially when influent chemical oxygen demand (COD) is low (Tan et al. ) . Nyberg et al. () reported that based on the long-term experiences it has been shown that the nitrogen standards of 8 mg N/L in the effluent wastewater can be met with two carbon sources (methanol and ethanol). Very high specific nitrate utilization rates were measured in the system with the use of external carbon sources. Rates of around 10 mg N/(g-VSS·h) (VSS: volatile suspended solids) were reached with ethanol and around 3 mg N/(g-VSS·h) with methanol. A start-up with the addition of ethanol led to a direct response of the system while a start-up with methanol resulted in a much longer adaptation period before the full effect of the carbon source added was reached. However, by making use of volatile fatty acids (VFA) produced during the anaerobic digestion of excess sludge as carbon sources for wastewater treatment, the amount of excess sludge can be reduced and the cost of additional carbon sources can be saved as well.
The three-stage theory of anaerobic digestion was put forward in 1979. The anaerobic digestion process was divided into hydrolysis, acetogenesis, and methanogenesis (Madsen et al. ) . McCarty & Smith () put forward a four-stage theory of anaerobic digestion. Based on the three-stage theory, they made the acetogenesis phase more defined. The acetogenesis stage was divided into two parts, acidogenesis and acetogenesis. The breakdown structure of the four-stage process and the percentages of transferred substrates are illustrated in Figure 1 (Appels et al. ) . The anaerobic treatment process of wastes, such as WAS, usually includes hydrolysis (the complex primary polymers of carbohydrates and proteins are converted to soluble organic compounds and further to soluble monomers by extracellular enzymes), acidogenesis (the hydrolysis products are fermented to various intermediate products such as VFA), acetogenesis (the VFA are converted into acetic acid, carbon dioxide and hydrogen by acetogenic bacteria) and methanogenesis (acetic acid and hydrogen are converted to methane and carbon dioxide by methanogenic bacteria). During the acidogenesis and acetogenesis process, VFA are produced. These VFA include acetic acid, propionic acid, iso-butyric acid, n-butyric acid, iso-valeric acid and n-valeric acid. Among these VFA, acetic acid is the major product (Wang et al. ; Ucisik & Henze ) . As the anaerobic fermentation technology is an environmentally friendly method to manage excess sludge, pre-treatment methods to enhance bio-methane production of sludge have been studied by many investigators, and it has been reported in the literature that the two-phase anaerobic fermentation process was much more stable and efficient than the traditional single-phase anaerobic fermentation process (converts directly fermentative substrates to bio-methane) for bio-methane generation (Liu et al. ; Tan et al. ) . Figure 2 illustrates the two-stage anaerobic digestion processes in two separate reactors. The first reactor shows that most of the input excess sludge converts to VFA during the hydrolysis, acidogenesis and acetogenesis processes. Then VFA are usually converted into methane through methanogenesis process as shown in the second reactor. This paper focuses on effects of VFA production, so attention should be paid to the first digestion reactor. Further, a consensus-simplified pathway for anaerobic digestion was described in the anaerobic digestion model no. 1 (Batstone et al. ) . Whether as carbon source for nutrient removal in wastewater treatment plants or to produce methane in a stable way, short-chain fatty acids are more useful than long-chain fatty acids (LCFA) (Madsen et al. ; Tan et al. ) . The optimal fermentation process control methods, i.e., pH, temperature, mixing, additives and solid retention time (SRT) control methods, can promote LCFA to turn into short-chain fatty acids (Wang et al. ) .
In this paper, emphasis will be placed on the effects of pre-treatment and fermentation process control methods to enhance the production of VFA during the anaerobic digestion of excess sludge. These pre-treatment methods include thermal pre-treatment, alkaline pre-treatment, microwave pre-treatment and ultrasonic pre-treatment methods. The process control methods considered include pH, temperature, mixing, additives and solids retention time control. The purpose of this paper is to attempt to analyze the effects of each method on VFA production from excess sludge by anaerobic digestion.
FACTORS IMPACTING THE VFA PRODUCTION
Factors that impact the production of VFA from excess sludge are primarily divided into two parts. The first factor is pre-treatment methods, which can remarkably improve the hydrolysis process by converting larger organic matter into smaller organic matter. After that, the following acidogenesis and acetogenesis processes can be conducted more readily and efficiently. The other factor is process control methods. By changing the pH, temperature, mixing, additives, or SRT, the environment of anaerobic digestion is changed, and consequently, so is the rate and degree of anaerobic digestion for the production of VFA.
Pre-treatment for improving VFA production
During the conventional anaerobic digestion process, SRTs are typically 20-30 days, which is a long period (Appels et al. ) . Pre-treatments could speed up these processes, particularly the hydrolysis process, which is considered as the rate-limiting step of anaerobic digestion and VFA production (Salsabil et al. ) . Pre-treatment methods can be classified as mechanical pre-treatment, thermal pre-treatment, chemical pre-treatment and biological pre-treatment ( All of these methods result in the disintegration of flocs and the breaking of sludge cells, causing suspended and intracellular materials to be released and dissolved into the water phase. Larger insoluble particles become smaller soluble particles, enhancing the hydrolysis process and causing the release of soluble substrates, which can be utilized by the acidogenic bacteria. The functions of thermal, alkaline, microwave and ultrasonic pre-treatment to enhance VFA production during anaerobic digestion will be focused on because of the fact that they have been commonly used to enhance the hydrolysis process in recent years.
Thermal pre-treatment for improving VFA production Thermal pre-treatments can be used to improve VFA production during the anaerobic digestion of excess sludge. After the heated internal pressure of the cells has increased, which is due to the rise in intracellular water evaporation, cell walls will begin to rupture (Appels et al. ) . Thus, soluble organic matters are released into the water phase, which may increase the following VFA production. A wide range of temperature (60-270 W C) was applied to enhance the VFA production of excess sludge during the anaerobic digestion process, but studies were usually focused on a range of 60-180 W C (Ferrer et al. ), which has been determined to be a relatively low value.
Related studies of the effects of thermal pre-treatment on improving VFA generation are shown in Supplementary Table S1 (available online at http://www.iwaponline.com/ wst/072/280.pdf). Ferrer et al. () investigated the effect of 70 W C pre-treatment on the efficiency of thermophilic anaerobic digestion of excess sludge. They found that volatile dissolved solids increased by almost 10 times compared with the blank test after 9 hours of 70 W C pre-treatment, and this short period (9 h) of pre-treatment was enough to promote the hydrolysis process and enhance VFA production. Gavala et al. () studied the difference between VFA production in a mesophilic digester and a thermophilic digester after the 70 W C thermal pre-treatment. Their experiments showed that the concentration of the VFA in the mesophilic digester was lower than in the thermophilic digester, and a similar conclusion was obtained by other researchers ( () found an interesting phenomenon, namely that microbes in pre-treated sludge become more active than in raw sludge, which would benefit the anaerobic digestion process. Low temperature pre-treatment (70 W C) enhanced thermal solubilization of particulate materials, as well as enzyme activities; thus hydrolysis was significantly improved, and so was the VFA production. Morgan-Sagastume et al.
() pre-treated waste sludge with high-pressure thermal hydrolysis (130-180 W C at 6-12 bar), and found that it increased the VFA yield by 2-5 times and the VFA production rate by 4-6 times after fermentation. Bougrier et al. () discovered that soluble carbohydrates and soluble proteins were increased dramatically after 135 W C pre-treatment, which would benefit VFA generation in the acetogenesis process. In another experiment, Bougrier et al. () found that VFA concentration increased from 7.33 mg/g-VS (volatile solids) in raw sludge to 87.92 mg/g-VS after pre-treatment of 170 W C. That is to say, thermal pre-treatment can increase VFA yield in sludge, and also increase the soluble carbohydrates and proteins (Bougrier et al. ) . Thus, VFA production would be greatly improved during fermentation for the abundant available substrates. The above studies also showed that the higher the thermal pre-treatment temperature, the shorter the pre-treatment time would be. However, higher temperature also requires more energy input, which also needs to be taken into account in a practical project.
Alkaline pre-treatment for improving VFA production Flocs in excess sludge consist of sludge particles, and, through the use of EPS, small sludge particles can join to form flocs. These EPS include protein, saccharides, lipids and other macromolecular organic matters. Alkaline pre-treatment can destroy the structure of proteins, saccharides and lipids by chemical degradation and ionization of the hydroxyl radical (Li et al. , ) . In that way insoluble and intracellular materials are released and the continuing acidogenesis process can proceed more easily. Tan et al. () pre-treated excess sludge for 24 hours at pH 11 and 60 W C. They then utilized mesophilic digestion for 6 days. The results showed that VFA accumulation was 1.63 times higher than it was without pre-treatment (Tan et al. ) . The detailed information is listed in Supplementary  Table S1 . Kim et al. () used NaOH, KOH, Mg(OH) 2 and Ca(OH) 2 to regulate the alkalinity of WAS at pH 12. They found that, after ambient temperature pre-treatment, the order of efficacy in sludge solubilization is NaOH > KOH > Ca(OH) 2 > Mg(OH) 2 . Bibasic alkali agents were only partially dissolved, so monobasic agents were more efficient. Their experiments also showed that soluble COD (SCOD) reached the peak value when 7 g/L NaOH was added to adjust pH. However, too much NaOH led to a decrease in SCOD (Kim et al. ) . Further, studies pointed out that concentrations of Na þ or K þ that are too high may lead to subsequent inhibition of VFA production (Carrère et al. ). Dogȃn & Sanin () compared alkaline pretreatment at pH 12 with pH 10 and found that the higher pH caused more carbohydrate and protein releases. More available carbohydrate and protein can result in higher concentration of SCOD, which can be converted to VFA more easily.
Alkaline pre-treatment, compared with other pretreatment methods, utilizes a simple device and operation system. It also has high efficiency, but it is less economically attractive due to the need for additional chemicals. Alkaline pre-treatment is seldom used alone and is typically combined with other treatment methods, such as thermal pre-treatment, microwave pre-treatment or ultrasonic pre-treatment.
Microwave pre-treatment for improving VFA production
The effects of microwave pre-treatment can be divided into two parts: one is the thermal effect caused by the temperature increase during the microwave treatment process (Menéndez et al. ; Tang et al. ; Jiang & Ma ) , and the other is the athermal effect caused by polarizing macromolecules. Due to the microwaves, the hydrogen bonds can be broken (Eskicioglu et al. ; Sólyom et al. ) . Thanks to these two effects, EPS can be disrupted and more soluble organic matters can be released than without pre-treatment (Appels et al. ) . Thus the hydrolysis process as well as VFA production would be improved.
Toreci et al. () compared different microwave intensities for WAS pre-treatment. Their study indicated that, for long durations of anaerobic digestion (10-20 days) sludge retention time, lower microwave intensity was better than higher microwave intensity for VFA production. Meanwhile, for short durations of anaerobic digestion (5 days), higher microwave intensity is better. According to their experiments, the highest VFA production was reached with low microwave intensity at 10 days sludge retention time. Experiments of Yu et al. () indicated that proteins were released more quickly than polysaccharides after microwave pre-treatment. Furthermore, as contact time became longer (20-140 s), proteins and polysaccharides in the water phase continued to increase at 900 W microwave exposure. Guo et al. () pre-treated sludge with microwaves for 2 min at a power of 560 W and, after mesophilic digestion, the concentration of VFA reached 1.28 g/g-VSS. The above studies of the effects of microwave pre-treatment on VFA production are shown in Supplementary Table S1 .
Microwave pre-treatment of excess sludge is a wide and promising field to study, and microwave power, intensity, contact time and temperature are all factors that should be taken into account. If any of these experimental conditions is changed, the resulting VFA production would be different, and sometimes even contradictory phenomena could be observed. Compared to conventional heating, microwave pre-treatment has the added advantage of rapid heating with less energy loss while transmitting energy (Eskicioglu et al. ) , which leads to energy and cost savings. The microwave pre-treatment method is also more environmentally friendly than conventional heating methods.
Ultrasonic pre-treatment for improving VFA production
The ultrasonic pre-treatment method is based on the cavitation phenomena (Pilli et al. ) , which can form huge shear force (Tiehm et al. ) and release the cytoplasm membrane from cell walls. This makes the cell walls become thinner and easier to break, thus allowing intracellular substances to be released into the aqueous phase more easily (Tomei et al. ) . Also the ultrasound can break down flocs and cut large organic particles into smaller particles. Ultrasonic pre-treatment disintegrates both cellular and extracellular organic matters of excess sludge (Braguglia et al. ) . More easily digested particles are then released, thus allowing the rate of hydrolysis and VFA production to be accelerated. Yan et al. () studied the effects of ultrasonic energy on VFA accumulation. They found that the maximum VFA accumulation, two times higher than without ultrasonic pre-treatment, was attained by using an ultrasonic energy density of 1.0 kW/L at a frequency of 20 kHz and fermentation duration of 3 days. Their studies also showed that enzymes related to VFA production such as phosphotransacetylase, phosphotransbutyrylase, acetate kinase and butyrate kinase had the highest activity rate at that ultrasonic energy density. Lafitte-Trouqué & Forster () pretreated excess sludge with ultrasound at 23 kHz for 90 s and found that, in the first 8 hours of anaerobic digestion, organic matter in the water phase was increased by 354% compared to untreated sludge. Studies by Zhuo et al. () indicated that, after ultrasonic pre-treatment at a frequency of 20 kHz and energy density of 1.0 kW/L, soluble organic matters released into the water phase during that process were used by acidogenic bacteria quickly in the initial 1 day of fermentation. Quarmby et al. () compared the effect of VFA production at different ultrasonic intensities and found that, in the second day of digestion, the VFA concentration reached the peak. At the peak, VFA in the sludge pre-treated by high ultrasonic intensity (365 W/min) was two times higher than without pre-treatment, while sludge pre-treated by low ultrasonic intensity (111 W/min) increased 0.6 times. The above studies of the effects of ultrasonic pre-treatment on VFA production are shown in Supplementary Table S1 .
With the advantages of energy efficiency and environment friendliness, the ultrasonic pre-treatment method is one of the most promising emerging technologies. However, there are not many studies about the effects of ultrasonic pre-treatment methods on VFA production of excess sludge. Thus, in the future, research in related areas should pay attention to ultrasonic pre-treatment factors that may have an effect on excess sludge for VFA production, such as sonication frequency, density, intensity and treatment time.
Fermentation process control for improving VFA production Important operational parameters, such as pH, temperature, mixing, additives and SRT, should be taken into account during VFA production from anaerobic fermentation of excess sludge. Optimal choices for these parameters can significantly improve VFA production, meanwhile reducing cost and saving energy. For this reason, this section focuses on operational parameters during anaerobic fermentation of excess sludge. It also tries to determine the optimal operational conditions for VFA production, which could be used in future laboratory and pilot experiments or fullscale practices.
pH
The effect of pH from 4 to 11 on VFA production of excess sludge was investigated by Chen et al. () . The results of their studies are shown in Supplementary Table S2 (available online at http://www.iwaponline.com/wst/072/280. pdf). Their experiments indicated that the concentration of VFA on the eighth day of fermentation at pH 4.0, 7.0 and 10.0 was, respectively, 32.78, 77.85 and 250.39 mg/g-VSS, while VFA in the blank test was only 58.58 mg/g-VSS. At pH 11 VFA production was limited during the first 12 days of fermentation, which might be due to the toxic effect caused by large amount of Na þ (Mouneimne et al. ). However, when the acidogens adapted to the toxic environment, the VFA concentration increased dramatically. It was noted in the studies of Yu et al. () that VFA production of excess sludge at pH 10 was two to 34 times higher than that at pH 5.5, whether in mesophilic reactors or thermophilic reactors. Zhang et al. (a) investigated the effect of different pH under mesophilic and thermophilic conditions. They found that under alkaline condition, with pH increasing, more fermentation time was needed to reach the maximum VFA production in mesophilic fermentation. Although at pH 10 the maximum VFA production was recorded, 0.32 g/g-VSS, compared to other pH conditions, it required twice the fermentation time than at pH 9 with the amount of 0.30 g/g-VSS. In thermophilic fermentation, at pH 10 or 11, VFA accumulation was not significantly improved, but at pH 8 it reached the maximum VFA production.
Recent studies from different researchers indicated that VFA production was much higher in an alkaline condition than acidic condition (Elefsiniotis & Oldham ; Moon et al. ) , though few studies reported the final pH or pH evolution of WAS during fermentation. The result is contrary to the beliefs that acidic condition would be the best choice to improve the acidogenesis process (Yu et al. ; Zhang et al. a, b) . However, former studies were focused on pH less than 7, and alkaline conditions were seldom considered (Yu et al. ) . Furthermore, variety in substrates led to diverse conclusions (Elefsiniotis & Oldham ; Moon et al. ) . VFA production was significantly improved in an alkaline condition, because alkaline condition facilitate the breakage of the sludge matrix, thus increasing the effective contact between extracellular organic matters and enzymes, which also creates a favorable environment for microbes to accumulate VFA (Yu et al. ) . Comparing to acidic conditions, improvement of hydrolysis was another reason for enhanced VFA accumulation at alkaline pH.
Temperature
Cai et al. () compared VFA production of excess sludge at 21 ± 1 W C, 35 ± 1 W C and 60 ± 1 W C. In their studies it was noted that the higher the temperature, the more the VFA accumulation. They also found that high temperature shortened fermentation time for VFA production in an alkaline condition, because higher temperature shortened the lagstage for biological adaptation. They also pointed out that low temperature would slow down, but not inhibit, the activity of microbes, which resulted in less VFA accumulation. Higher temperature, which can promote release of intercellular organic materials, is an advantage for bacterial hydrolysis during fermentation. Because of sufficient organic compounds, the production of VFA was greater in higher temperature than lower temperature. Studies by Feng et al. () showed that the total VFA concentration of a continuous-flow fermentation system was 0.19 g/g-VSS at 30 W C with SRT of 12 days, which was 2.7 times higher than at 10 W C (total VFA concentration was only 0.071 g/g-VSS). However, VFA production did not significantly increase at temperature above 30 W C. Zhuo et al. () set experiments at a series of different temperatures ranging from 10 to 55 W C and came to a different conclusion from that of Cai et al. () . It was indicated in their studies that, at 37 W C, VFA accumulation reached the maximum amount compared to 55 W C after 3 days fermentation. All these results of studies are listed in Supplementary Table S2 . () did not observe later days of fermentation because of their short experiment duration. Thus, in order to find out the optimal temperature, more detailed and comprehensive research should be done regarding the influence of temperature on VFA production of excess sludge in the future.
Mixing
Mixing increases the contact surface area between the substrates and microbes; thus substrates are more evenly available to microbes during fermentation. Studies by Perot et al. () showed that when a large production of VFA is required, agitation speed must be greatly increased to the range of 350-650 rpm. According to the study of Perot et al. () in order to obtain maximum VFA production, mixing speed should be chosen based on certain anaerobic digestion conditions. Perot et al. () pointed out the optimal agitation speed should be 545 rpm when fermentation pH was 6.8 at a temperature of 50 W C. Yuan et al.
() studied the effect of mixing during fermentation of excess sludge to produce VFA and found that mixing at a speed of 50 rpm not only improved VFA production, but also shortened fermentation time. The above studies are all listed in Supplementary Table S2 . Research has seldom been conducted in the area of the effect of mixing on VFA production of excess sludge, and the optimal agitation speed is not yet known. However, from the view of theory, mixing can improve VFA production of excess sludge; so further detailed studies related to the area mentioned above should be pursued. It should be emphasized that although there is significant difference between the mixing in laboratory equipment and an industrial one, we cannot give a definite conclusion about the mixing uding industrial equipment because the most current studies of mixing were conducted in a laboratory scale.
Additives
Additives, such as sodium dodecylbenzenesulfonate (SDBS), β-cyclodextrin (β-CD) and anthraquinone-2,6disulfonate (AQDS), which can change surface properties and improve dissolubility of excess sludge, is an emerging field to study in the area of enhancing VFA production during anaerobic digestion of excess sludge. Studies by Jiang et al. () showed that surfactants enhanced VFA production during anaerobic digestion of excess sludge. In the presence of SDBS at a concentration of 0.02 g/g dry sludge, after 6 days fermentation, VFA accumulation reached 0.24 g/g-VSS, which was 7.66 times higher than in the absence of SDBS. Jiang et al. () explained that it was because of SDBR's biological effects, which made EPS solubilize and able to dissolve into aqueous phase. In addition, SDBS can also inhibit the methanogenesis process, so the VFA production was improved significantly. The related investigations indicated that at lower SDBS dosage, such as 0.01 g/g, there was only slight decrease of methane production with no significant lag-time appearing, whereas the lag-phase of methane generation increased from 2 days at SDBS 0.01 g/g to 8 days at SDBS 0.02 g/g, meaning that the activity of methanogens was inhibited by SDBS. It can be seen that the decrease of methane always coincides with the increase of VFA production, which indicates that one main reason for improved VFA accumulation in WAS fermentation was the decreased VFA consumption by methanogens. Zhang et al. (b) investigated VFA accumulation during excess sludge anaerobic fermentation in semi-continuous reactors and found that SDBS increased VFA accumulation to 0.14 g/g-VSS, which was 4.66 times higher than the blank test. Another study by Zhang et al. () showed that, no matter whether in ambient, mesophilic or thermophilic fermentation, VFA accumulations were enhanced remarkably at SDBS of 0.02 g/g. Studies by Yang et al. (a) indicated that VFA production was greatly increased in the presence of β-CD. At 0.2 g-(β-CD)/g-(dried solids), the peak production of VFA per gram of β-CD per gram of dried solids reached 4.2 g, and at 0.3 g/g-(β-CD), the maximum production rate of VFA was 0.2 g/g-VSS, about four times that of the blank sample. Another study by Yang et al. (b) showed that AQDS also had the function of enhancing VFA production. With the presence of AQDS, amino acid degradation was accelerated and methanogenic activities were inhibited, which led to VFA production enhancement. All the conditions and results are summarized in Supplementary Table S2 .
Studies by Jiang et al. () , Zhang et al. (b) and Yang et al. (a, b) pointed out new ways for researchers to study. However, except for SDBS ($2.0/100 g), β-CD ($3.7/100 g) and AQDS ($1.0/100 g) there might be other cheap and environmentally friendly additives which could be used to enhance VFA production during anaerobic digestion of excess sludge. Finding new and effective additives for VFA production would be a wide and promising field to study in the future.
Solids retention time
It was found in the studies of Yuan et al. (, ) that VFA yields increased with SRT. They fermented excess sludge with an SRT of 5, 7 and 10 days and found that the highest VFA accumulation was 0.14 g/g-VSS with a fermentation time of 10 days. It was noted in the studies of Jiang et al. () that the SRT of VFA production was 6-15 days. Studies by many researchers indicated that pre-treatment could shorten SRT of sludge to 2-3 days ( Zhang et al. (b) showed that the average SRT was 5-11 days, but under strong alkaline conditions SRT was extended. Feng et al. () noted in their studies that the optimal SRT of VFA production of excess sludge at pH 10 and 20 W C was 12 days. Studies by Zhang et al. (b) showed that SRT of VFA production during mesophilic fermentation was shorter than thermophilic fermentation, whereas Zhuo et al. () came to the conclusion that mesophilic fermentation and thermophilic fermentation had the same SRT, and fermentation at 10 W C had longer SRT. The difference between results might be due to the difference in substrates.
In the studies of Yuan et al. () , it was found that mixing could shorten SRT for VFA production. Studies by Jiang et al. () indicated that the addition of surfactants could influence SRT of VFA production of excess sludge. Supplementary Table S2 shows all the detailed information.
Conclusion can be drawn that the SRT of VFA production of excess sludge according to the literatures is usually within 15 days, but longer SRT leads to bigger digesters and higher implementation costs. Besides, fermentation temperature, pH, mixing and additives have great influences on SRT, so the specific SRT should be different and related to its operational parameters and the recommended SRT may be less than 5 days.
MICROORGANISMS RELATED TO VFA PRODUCTION
Anaerobic digestion is a biological decomposition process, so the production of VFA is closely related to species, activity and population of microorganisms. In an appropriate environment (suitable temperature, pH and so on) certain microbes could, to a great extent, enhance the rate and the amount of VFA produced. 
Key bacteria involved in VFA production

Detection technologies for microorganisms
Detection of microorganisms in anaerobic digestion for VFA production is a complex study. Common technologies used to analyze microorganisms are polymerase chain reaction (PCR)-based 16S rRNA gene cloning, fluorescent in situ hybridization and dot blot hybridization. Recently, a new technology called tag-pyrosequencing was invented and Forrest et al. () have used it to identify the bacterial communities in the fermentations. Comparing to (PCR)-based 16S rRNA gene cloning, tag-pyrosequencing does not need a specific primer and the information about community composition.
Although many species of bacteria and their function mechanisms are already known to us, many still remain to be discovered. Recently studies which related to VFA production usually focused on mechanical process control; little attention has been paid to microorganisms and their function. Thus, detailed researchs should be done to investigate types and functions of microbes which could improve VFA production of excess sludge. In addition, new technology such as tag-pyrosequencing should be brought in to detect microorganisms.
CONCLUSION
The functions of thermal, alkaline, microwave and ultrasonic pre-treatment to enhance VFA production during anaerobic digestion was focused on because of the fact that they have been commonly used to enhance the hydrolysis process in recent years. The higher the thermal pretreatment temperature, the shorter the pre-treatment time would be. However, higher temperature also requires more energy input, which also needs to be taken into account in a practical project. Alkaline pre-treatment, compared with other pre-treatment methods, utilizes a simple device and operation system. However, comparing to thermal and alkaline pre-treatment methods, microwave and ultrasonic pretreatment methods, due to their advantages of efficiency and environment friendliness, are kinds of emerging and promising technologies, but the full-scale practices of microwave and ultrasound technologies have been tried and failed. Further studies of the pilot-scale or full-scale practices of microwave and ultrasound technologies should be investigated. During the anaerobic digestion process for VFA production, recent studies showed that VFA production in an alkaline condition was much higher than that in an acid condition, which was contrary to former studies. In order to find out the optimal temperature, more detailed and comprehensive research should be done regarding the influence of temperature on VFA production of excess sludge in the future. From the view of theory, mixing can improve VFA production of excess sludge, so further detailed studies related to this area should be pursued. Recent studies also found that additives have great impact on enhancing VFA production, and additives would be a promising area to study. Also, fermentation temperature, pH, mixing and additives have great influences on SRT, so the specific SRT should be different and related to its operational parameters. Finally, anaerobic digestion is a biological decomposition process, so the production of VFA is closely related to species, activity and population of microorganisms. It is necessary to compare the different detection technologies to analyze the key microorganisms involved in VFA production.
